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ABSTRACT

The relative contribution of aneuploidy and gene mutations to human
tumorigenesis is not yet known. Studies in mice have demonstrated that
even single point mutations in oncogenes and tumor suppressor genes can
dramatically increase tumor frequency. However, models to evaluate the
definitive role of aneuploidy and genomic instability are not yet available.
Human fibroblast cells have long been used as a tool for investigating
proliferation, senescence, immortalization, and tumorigenesis, all pro-
cesses that are strongly interrelated. We have now used antisense and
ribozyme-mediated temporary inhibition of BUB1 to study the conse-
quences of mitotic checkpoint failure on the development of aneuploidy.
The analysis of cell colonies selected by soft agar growth showed evidence
of chromosome instability and delayed senescence, without being tumor-
igenic in nude mice. Our data suggest that chromosomal instability and
aneuploidy are early changes that precede tumorigenicity in the multistep
process leading to neoplastic transformation.

INTRODUCTION

Although the notion that aneuploidy is a hallmark of human cancer
dates back to the beginning of the last century (1), the exact role that
it plays in the pathogenesis of cancer is debated and still essentially
unknown (2, 3). In particular, it is not clear whether aneuploidy is
merely a consequence of mutations in tumor-causing genes or an
intrinsic feature of cancer cells that by itself promotes mutations in
these genes (4, 5). Cancer is thought to be a multistep process in
which abnormalities in oncogenes and tumor suppressors predispose
cells to the acquisition of many other genetic and “epigenetic”
changes, which are responsible for the acquisition of the full malig-
nant phenotype, including the ability to invade surrounding tissues
and metastatize to distant organs (6). However, there is ample exper-
imental evidence that variation in nuclear DNA content and chromo-
somal aneuploidies may occur at early stages of tumorigenesis and are
invariably observed in carcinomas (2, 7–10). On the basis of these
observations, Duesberg et al. (11, 12) have recently emphasized the
“aneuploidy first” hypothesis.

According to this view, by gaining or losing entire chromosomes,
aneuploidy could simulate both overexpression and loss of specific
loci relevant to cell growth, thus providing the substrate for selection
of more aggressively growing cells (11, 13). Therefore, a role for

selection in pathogenesis of cancer (14) is not restricted to the muta-
tion first hypothesis but is shared by the aneuploidy first one.

Recently, the molecular and genetic investigation of human colon
cancer led to recognize two different forms of genetic instability: (a)
the elevated frequency of loss or gain of one or a few whole chro-
mosomes or large parts thereof within the cells of an individual clone
(CIN3); and (b) MIN (15–17).

The genetic basis of MIN has been identified (18), whereas the
search for genes responsible for CIN has been essentially negative (3).
This raises the possibility that germ-line abnormalities are not respon-
sible for CIN; on the contrary, it could be the exposure to damaging
agents, resulting in checkpoint activation, growth arrest, and damage
repair, that cause a few cells to abnormally segregate their chromo-
somes, yet escape apoptosis. These compounds could interfere with
molecular complexes involved in spindle checkpoint, resulting in
aneuploid cells, some of which could acquire a growth advantage. In
this case, aneuploidy would be the first detectable change on which
subsequent genomic anomalies would take place.

Human fibroblasts have been used to investigate mechanisms of
tumorigenicity. They have a limited proliferative potential, and a
combination of two oncogenes and hTERT activity is needed for
immortalization (4, 5), although data challenge this view (19). In the
present study, we set up an in vitro model to test the hypothesis that
aneuploidy could occur early in transformation in humans. We there-
fore explored antisense-mediated selective and temporary gene inac-
tivation, i.e., inhibition of gene function without gene mutation.
Therefore, this technique would circumvent the use of genotoxic
drugs, which act in complex and uncontrolled ways in tumorigenesis.
We exposed human fibroblast to antisense oligonucleotides directed
against 13 different genes involved in chromosome segregation. We
demonstrated that inhibition of several of these genes gives rise to
aneuploid cells, most of which are eliminated by apoptosis. After
inhibition of BUB1, whose product is involved in the spindle check-
point, some of these cells are able to escape programmed death and
give rise, at low frequency, to AI clones. Analysis of these clones
shows chromosomal instability and suggests that even temporary
interfering with spindle checkpoint genes could be relevant to neo-
plastic transformation in humans.

MATERIALS AND METHODS

Cell Culture. All of the reported experiments were performed with pri-
mary human fibroblast cell line (subject 1), established by skin biopsy from a
4-year-old Caucasian child undergoing surgical procedure (obtained from
Niguarda Hospital Tissue Bank, Milan, Italy), and grown in DMEM (Life
Technologies, Inc.) supplemented with 10% FCS and antibiotics in a humid-
ified 5% CO2 atmosphere. Plating efficiency was �60%. The population
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doubling was calculated as log2 (D/D0), where D is the density of cell when
harvesting, and D0 is the density of cells when seeding. Senescence occurred
at estimated population doublings of 64–69. At this stage, cells failed to reach
confluence despite regular refeeding, and they showed the characteristic un-
larged, flattened shape of senescent cells. In addition to these parameters, both
molecular and biochemical markers were investigated (see below). In addition,
a second cell line (subject 2), established from a Caucasian woman, was used
for antisense inhibition studies only.

Antisense Oligonucleotide Methodology. The general experimental ap-
proach to antisense has been described (20). For inhibition studies, three
oligodeoxynucleotides were synthesized (sequences available on request): (a)
antisense oligomer designed as a complementary sequence at the 5� end of the
coding region; (b) sense oligomer from the identical region; and (c) scrambled
oligomer with the same nucleotides used for the antisense oligomer. We
performed two different protocols with antisense oligonucleotide treatment: (a)
short term and (b) long term. In short-term culture, cells were treated with 40
�g/ml each antisense, sense, and scrambled oligonucleotides (diluted in
DMEM) for 24 h and an additional 20 �g/ml for another 24 h. In long-term
culture, after the first treatment with 40 �g/ml, cells were treated with 20
�g/ml each antisense, sense, and scrambled oligonucleotides for an additional
8 days. In addition, mock controls, by adding DMEM without oligonucletides,
was performed.

Ribozyme Design, Synthesis, and Treatment. The ribozyme design was
performed according to an original approach, which makes use of a computer
method for the analysis of target mRNA sequences (21). A series of ribozyme
sequences were correspondingly deduced. The final analysis accounting for the
correct structure activity relationship enabled us to select the hammerhead
ribozyme addressed to AUA triplet located at the 2711 position on the coding
region of BUB1 mRNA. The ribozyme sequence is: 5�-CAGGGGCUGAU-
GAGGCCGAAAGGCCGAAAUUUUUAUAGA-3�(Rz-BUB1). In addition to
the active form of Rz-BUB1, a mutated catalytically inactive ribozyme se-
quence was synthesized (inact-Rz-BUB1) carrying the mutation G5 � A5 in the
active core. Rz-BUB1 and inact-Rz-BUB1 were synthesized by introducing
chemical modifications conferring resistance to RNase A, as described previ-
ously (22). At the end, the crude product was processed and purified as already
described (23). Ribozyme was purified maintaining sterile RNase-free condi-
tions in a MonoQ-HR 16/10 (Amersham Pharmacia Biotech) strong ion-
exchange high-performance liquid chromatography preparative chromatogra-
phy. For culture treatment, 1 �M Rz-BUB1 or inact-Rz-BUB1 was added to cell
culture for 48 h.

siRNA Synthesis and Cell Treatment. siRNA corresponding to BUB1
mRNAs was designed as recommended (24) with two base overhangs (Xer-
agon). The following gene-specific sequence was used: si-BUB1 5�-CAUCA-
CUUUUUCAGGGGUA dTT-3�. Cells (at 40–60% confluence) were trans-
fected with 200 nM si-BUB1 RNA by using Oligofectamine Reagent
(Invitrogen). Cells were analyzed for aneuploidy frequency 48-h post-trans-
fection.

Immunoprecipitation and Western Blots. Analysis with p21, p53 (Santa
Cruz Biotechnology), SMC1 (Bethyl), and BUB1 (a rabbit polyclonal anti-
body; a kind gift of T. Yen, Fox Chase Cancer Institute, Philadelphia, PA)
antibodies was performed according to a published protocol (25). Briefly,
specific antibody was incubated at 4°C with protein extracts for 1 h. Protein
A-agarose (Santa Cruz Biotechnology) was added overnight, followed by four
washings with buffer lysis. Samples were boiled in sample buffer and sepa-
rated by SDS-PAGE. The proteins were transferred to nitrocellulose membrane
(Amersham) and incubated with primary antibody (1:250–1:2000 dilution).
After removal of the unbound primary antibody, membranes were incubated
with secondary antibody-peroxidase conjugate (Sigma), processed for detec-
tion by chemiluminescence (Amersham), and imaged on Biomax film
(Kodak). Actin and tubulin antibodies (Santa Cruz Biotechnology) were used
as internal controls.

ARP1 Expression by RT-PCR Analysis. Total RNA was extracted from
cells exposed to ARP1 antisense oligonucleotides by the SV Total RNA
Isolation System (Promega) and used for cDNA synthesis with random hex-
amers. The following primers were used to amplify ARP1 cDNA (spanning
from exon 1 to 6): Arp1-F: TGT CGT GAT CGA CAA CGG AT, ARP1-R:
AAG TCG TAG CCC TCC TTA C. The presence of ARP1 transcripts was
analyzed by PCR performed combining both a variable number of amplifica-

tion cycles and different dilutions of primers. Hypoxanthine phosphoribosyl-
transferase was used as internal standard.

Cytogenetic Analysis. Exponentially growing fibroblasts were treated with
colcemid (0.05 �g/ml; Life Technologies, Inc.), harvested, incubated with
0.075 M KCl, and fixed in methanol:acetic acid 3:1. Chromosome preparations
were G-banded according to the trypsin digestion procedure, and aneuploidy
cells, i.e., any variation from diploid number, were scored by direct micro-
scopic examination.

Assays for Mutation to Ouabain and 6-Thioguanine Resistance. Con-
trol and antisense-treated cells were seeded at 105 cells into 100-mm dishes and
at 200 cells into 60-mm dishes to determine the plating efficiency. Twenty-four
hours later, either ouabain (Sigma), at a concentration of 1 �M, or 6-thiogua-
nine (Sigma), at a concentration of 3 � 10�5 M, was added to the 100-mm
dishes to determine the number of resistant colonies. Mutant colonies were
fixed, stained, and scored 3 weeks after the initial seeding. The mutation
frequency was calculated as: (resistant colonies)/(cells seeded � S), where S
is the plating efficiency of cells.

MMC Treatment. AI clones were treated with MMC (30 �M, diluted in
PBS; Sigma) or with an equivalent amount of PBS for 24 h.

Soft Agar Assay. Cells were suspended in 3 ml of 0.3% agar (Difco)
supplemented with complete growth medium. This cell suspension was al-
lowed to solidify at room temperature on 4 ml of a 0.5% agar base layer
containing growth medium in 60-mm dishes.

FISH. In situ hybridization with a biotin-labeled probe recognizing all of
the human centromeres (Appligene Oncor) was performed according to a
published protocol (26). DNA was counterstained with 0.1 �g/ml propidium
iodide.

SKY. SKY was performed as described (27). After in situ hybridization,
images were acquired using an epifluorescence microscope (DMRXA; Leica)
connected to an imaging interferometer (SD200; Applied Spectral Imaging)
and analyzed using SKYView v1.6 software (Applied Spectral Imaging). Six
to 10 metaphases were analyzed for each cell line.

CGH. For CGH, DNA was prepared using high salt extraction and phenol
purification and labeled by nick translation using biotin-11-dUTP (Roche).
Biotin-labeled DNA and digoxigenin-labeled normal donor DNA (sex
matched) was cohybridized to sex-matched normal human lymphocyte met-
aphase chromosomes. Images were acquired with a Leica DMRXA epifluo-
rescence microscope (Leica) using fluorochrome-specific filters (Chroma
Technologies). Quantitative fluorescence imaging and CGH analysis was
performed using Leica CW4000CGH software (Leica Microsystem Imaging
Solutions).

Immunohistochemistry. Cells were cultured on chamber slides (Falcon),
washed in PBS, fixed with ice-cold methanol for 10 min, and washed again in
PBS. Incubation with a monoclonal anti-�-tubulin antibody (Sigma) diluted
1:1000 in 3% goat serum/PBS was performed overnight at 37°C. The antibody
complexes were detected with tetramethylrhodamine isothiocyanate-conju-
gated goat antirabbit IgG (Sigma) and counterstained with 4�,6-diamidino-2-
phenylindole. Gray level images were acquired using a charged-couple device
camera (CH250; Photometrics) mounted on a Leica DMRXA epifluorescence
microscope and pseudo-colored using Leica Q-Fish software. Five hundred
cells were analyzed for each cell line. Additional details for CGH, SKY, and
immunohistochemistry protocols can be found on the Internet.4

Apoptosis Assay. TUNEL assay for DNA fragmentation was done using
an “In Situ Death Detection” kit (Roche) according to manufacturer’s recom-
mendations.

Sequencing of p53 and BUB1. Both p53 and BUB1 coding region were
amplified by RT-PCR and directly sequenced. Total RNA was extracted by SV
Total RNA Isolation System (Promega) and used for cDNA synthesis with
random hexamers. The RT-PCR products were purified on an agarose gel and
sequenced using Thermosequenase (Amersham).

Telomerase Assay. Cellular extracts were assayed for telomerase activity
with a PCR-based telomeric repeat amplification protocol (TRAPeze kit;
Intergen) assay. PCR products were electrophoresed on 10% polyacrylamide
gel and stained with silver staining kit (Amersham).

Tumorigenicity Assay. Cells were trypsinized, resuspended in PBS, and
inoculated s.c. in nude mice (Charles River Breeding Laboratories) at a

4 Internet address: http://www.riedlab.nci.nih.gov/.
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concentration of 3 � 106 in 0.3 ml. As positive control, human Kaposi’s
sarcoma cells were injected s.c. in nude mice at the same concentration. At
least three mice for each cell line were injected, and mice were followed �2
months to allow cell growth. At the end of this period, or when tumor mass
reached �0.5 cm3, animals were sacrificed, and completed necropsy was
performed.

RESULTS

Chromosome Abnormalities Arise in Fibroblasts through Inhi-
bition of Genes Involved in Mitosis. We chose to use antisense-
mediated transcriptional inhibition to query the respective roles of 13
genes known to be involved in chromosome condensation (SMC1),
kinetochore assembly (CENP-A, -B, - C, -E, and -F), the spindle
checkpoint (BUB1, BUB3, MAD2, INCENP, INTZW10, and ZW10)
and spindle formation (ARP1) with respect to chromosome segrega-
tion fidelity.

Primary human fibroblasts at passage 4 were mock treated or
treated with each of these antisense and control oligonucleotides,
which include both sense and scrambled oligonucleotides, and there-
after, the effect on correct chromosome segregation was evaluated by
analysis of chromosome number, the presence of micronuclei, and
apoptosis.

As shown in Table 1, antisense oligonucleotides directed against 9
of the 13 genes induced chromosome aneuploidy, although to a
different extent. Inhibition of genes coding for SMC1, ARP1, and
those involved in the formation of the mitotic spindle or its checkpoint
(BUB1, BUB3,CENP-E, MAD2, INCENP, ZW10, and INTZW10) had
a high, statistically significant number of aneuploid mitoses. In fact,
the frequency of aneuploid cells ranges from 15% with BUB1 to 26%
with BUB3 and SMC1 antisense oligonucleotides when compared
with 2% in control cells. With the exception of CENP-B, very similar
results were obtained when antisense inhibition was performed on a
second human fibroblast cell line. However, treatments with CENP-A,
CENP-C, and CENP-F antisense oligonucleotides resulted only in a
slight increase in aneuploid cells. As the aim of our preliminary
experiments was to perform a screening for the identification of genes
giving rise to aneuploidy, we did not further investigate whether the
results obtained with the four CENP family genes reflected a nones-
sential role in the maintenance of genome integrity or whether they
were attributable to a failure of the antisense technology. Interest-
ingly, the identification of putative genes conferring CIN will allow to
test a recent mathematical model developed to study the effect of CIN
on the evolution of cancer (28). Treatment with SMC1 antisense
oligonucleotide, besides aneuploidy, also induced chromosome aber-
rations in 20% (subject 1) and 22% (subject 2) of the cells (Table 1),

including gaps, whereas breaks were very rare. These data are con-
sistent with the role of SMC proteins, which contribute to both
condensin and cohesin complexes and with the phenotype of smc
mutants in yeast, which show an increased rate of aneuploidy, defects
in nuclear division, and partial chromosome decondensation (29).

To further substantiate the mechanism of formation of aneuploid
cells, we performed additional cytogenetic investigations. Abnormal-
ities in the segregation process result in micronuclei and anaphase
bridge formation. Cells treated with aneuploidy-causing antisense
oligonucleotides were analyzed for the presence of micronuclei
(Fig. 1, A and B). All these cell cultures showed a variable but
increased number of micronuclei when compared with controls as
shown in Fig. 2A. ZW10 antisense-treated cells had the highest num-
ber (17%) of cells with micronuclei, followed by INTZW10 (10%),
INCENP (9%), and BUB3 (9%) antisense-treated cells. Treatments
with antisense against the other genes gave only a slight increase
when compared with the baseline level of 3% observed in control
cells. Additional defects observed in antisense-treated cells included
occasional nuclear bridges. When FISH was performed using a pan-
centromeric probe, the micronuclei contained at least one centromere
signal (Fig. 1, C and D), providing evidence that the micronuclei
represented lagging chromosomes attributable to mis-segregation.

Most cells respond to defects in chromosome segregation by acti-
vating apoptotic programs. To investigate whether mis-segregation
triggers apoptosis in our system, we performed TUNEL assay on cells
treated with antisense oligonucleotides (Fig. 1, E and F). All treat-
ments, except CENP-A, CENP-B, CENP-C, and CENP-F antisense
oligonucleotides, induced massive apoptosis ranging from 25% with
ZW10 and MAD2 to 13% with INCENP (Fig. 2B). In contrast, control
cells had only 3% of apoptotic cells. Thus, the high incidence of
aneuploid cells correlates with an increase in apoptotic rate and
micronuclei formation, suggesting that most aneuploid cells undergo
elimination by programmed cell death.

Effect of ARP1, BUB1, and SMC1 Antisense Oligonucleotide
Treatments on Long-term Cell Cultures. As reported above, ab-
normal chromosome segregation leads to apoptosis, although its ef-
fects on long-term cultures have not been evaluated in vitro. Indeed,
some cells with altered chromosome number could escape pro-
grammed death, and their fate is unknown. To investigate this point,
we started long-term cultures of three antisense treated cells, ARP1,
BUB1, and SMC1, according to an experimental protocol outlined in
Fig. 3. These genes were selected because they are thought to damage
normal mitosis through different mechanisms, yet caused significant
aneuploidy in our short-term test (Table 1). In addition, BUB1 has
already been shown to be involved in human tumorigenesis (30).
Fibroblast cells were treated for 9 days with antisense oligonucleo-
tides and subsequently cultured as usual. With this protocol, a down-
regulation of BUB1 and SMC1 protein synthesis was obtained, as
shown by Western blotting with specific antibodies (Fig. 4, A and B).
Reduction of the levels of ARP1 transcripts was investigated by
RT-PCR, because by reducing primer concentration, a specific ARP1
band was seen only in control cells (Fig. 4C).

Aliquot analysis of cell cultures was performed at the 5th day and
at the end of the treatment (2 and 4 days after). High frequency of
aneuploidy was confirmed in treated cells when compared with the
untreated counterpart, as well as to the control oligonucleotide-treated
cells. The frequency of apoptotic cells ranged from 32% (with BUB1)
to 44% (with SMC1), whereas control cultures had very few apoptotic
cells ranging from 2 to 4% (Fig. 2C). Apoptosis correlated with the
frequency of micronuclei (Fig. 2D) and the number of apoptotic cells
and remained elevated even 4 days after the treatment was discontin-
ued. In these experimental conditions, SMC1 antisense oligonucleo-
tide treatment induced the highest level of micronuclei and apoptotic

Table 1 Percentage of aneuploid cells after oligonucleotide antisense treatments

Subject 1 Subject 2

Aneuploidy
cells

Chromosome
aberrations

Aneuploidy
cells

Chromosome
aberrations

Control 2 2a 4 3
ARP1 24 3 31 4
BUB1 15 3 12 4
BUB3 26 2 27 6
CENP-A 3 2 4 2
CENP-B 4 4 18 5
CENP-C 3 2 5 5
CENP-E 21 3 21 4
CENP-F 5 4 3 2
INCENP 20 4 23 5
INTZW10 22 6 18 7
MAD2 20 3 31 4
SMC1 26 20 31 22
ZW10 17 4 27 5
a Gaps and breaks.
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cells when compared with ARP1 and BUB1. The presence of chro-
mosomes in micronuclei was also confirmed by FISH (data not
shown).

To investigate whether, as a consequence of aneuploidy, a few cells
could acquire AI growth features, we assessed the ability of cells to
grow in soft agar. At the 25th passage, BUB1 antisense oligonucle-
otide-treated cells were able to form colonies in soft agar, whereas no
colony was found in ARP1- and SMC1-treated and control cells. The
colonies were transferred to standard culture conditions and are still in
culture (passage 63).

Investigation of Consequences of BUB1 Inhibition. Inhibition of
a specific function by antisense technology needs to be thoroughly
substantiated. In addition, although human fibroblasts usually do not
give rise to AI colonies, a single clone could have arisen by chance.
To exclude this possibility, we used alternative approaches to modify
gene transcription by treating fibroblasts both with a specific ri-
bozyme and by siRNA in the short-term assay (for 48 h, see “Mate-
rials and Methods”) and counted aneuploid cells. As a matter of fact,
58.8% with ribozyme and 35% with siRNA of cells were aneuploid,
whereas untreated or control ribozyme and siRNA-treated cultures
showed the normal rate of aneuploidy (2–4%), thus confirming the
specificity of the antisense results. These treatments do not cause
BUB1 abnormality, because sequencing of this gene in three AI
clones did not detect any mutation.

As stated above, inhibition of BUB1 expression at the protein level
by Western blot was shown to occur in antisense-treated cells col-

lected 9 days after the exposure to oligonucleotides. These data were
also confirmed by a time course experiment where BUB1 synthesis
was analyzed at different times during antisense treatment. In this
experiment, specific bands were evident after 6 and 12 h of treatment
but not after 24 and 48 h (Fig. 4D), whereas actin protein levels were
unaffected. As actin is degraded during apoptosis (31), these results
suggest that BUB1 inhibition is specific and not caused by aspecific
degradation triggered by apoptotic events.

To confirm that inhibition of BUB1 function occurred in fibroblasts,
we investigated whether the spindle checkpoint, in which BUB1 plays
a fundamental role, is abrogated in antisense-treated cells. Antisense-
treated cells were exposed to the spindle-destabilizing agent nocoda-
zole, and their mitotic index was recorded. Consistent with the loss of
spindle checkpoint, BUB1 antisense oligonucleotide-treated cells
showed no peak at any time, whereas a peak at 18 h was seen in all
control populations (Fig. 4E).

To confirm that antisense treatment can give rise to clones with an
AI phenotype, we repeated the experiments with five independent
fibroblast cultures. Two independent clones growing in soft agar were
identified in antisense-treated cultures, whereas no growth was seen in
soft agar plates, where untreated and control oligonucleotide-treated
cells were seeded. These two clones were transferred to standard
culture conditions and are still growing. All together, the frequency of
anchorage independence after antisense treatment was �1.5 � 10�6

(in still ongoing experiments performed with ribozyme-treated cul-
tures, the estimated frequency was 3 � 10�6; data not shown).

Fig. 1. Effects of antisense treatments on fibro-
blast cells. Antisense treatments lead to micronu-
clei formation (A, B, arrows), which, as shown by
FISH performed with a probe hybridizing to all
human centromeres, contain at least one chromo-
some (C, D, arrows). Typical apoptotic bodies
stained by propidium iodide (E); they show an
intense fluorescence when TUNEL assay was per-
formed on the same sample (F), indicating that a
massive DNA fragmentation occurred.
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Cytogenetic and Molecular Analysis of Polyclonal and Clonal
Fibroblast Cells. Karyotype analysis by G banding of untreated and
BUB1 antisense-treated fibroblasts was performed during in vitro
cultures at various passages. Although untreated and control oligonu-
cleotide-treated cells showed a low percentage of aneuploid cells,
fibroblasts treated with BUB1 antisense show aneuploidy (8%, com-
pared with 1–2% of the other populations). Apparently, temporary
inhibition of BUB1 is sufficient to confer an aneuploid phenotype that
persists in culture. However, no recurrent chromosomal abnormality
was identified.

Aneuploidy was also detected in the three AI clones, which were

also investigated by SKY and CGH. SKY analysis showed no chro-
mosome rearrangements, i.e., chromosome translocations or other
structural defects, in AI clones (Fig. 5A). Moreover, the analysis of 22
metaphases showed a widespread variability in chromosome number
that range from 36 to 74 with a predominance of chromosome losses.
SKY analysis of individual AI clones suggests specific chromosome
aneuploidy, such as the recurring loss of chromosome 6 in 5 of 8
metaphases in clone 1 and loss of chromosome 21 in 4 of 6 met-
aphases in clone 2. This finding, however, could not be corroborated
with CGH analysis, because the results essentially revealed a balanced
genome (Fig. 5B). CGH can detect imbalances when present in �50%
of the cells. Taken together, these data suggest that the development
of AI phenotype is not attributable to specific chromosome rearrange-
ments but that the acquisition of the AI phenotype is accompanied by
a manifestation of genome instability of the chromosomal type (CIN).
A selection for specific chromosomal aneuploidies, as observed in
cancer cells, has not yet occurred.

Senescence, CIN, and Tumorigenesis. Polyclonal fibroblasts,
both untreated and treated, and the AI clonal populations were cul-
tured with standard protocols to evaluate whether they maintain the
senescent phenotype, which usually occurs with human normal fibro-
blasts. All of the polyclonal and clonal populations were tested at the
44th passage. Cell cycle arrest and senescence are associated with
molecular markers, such as p21. An accumulation of p21 was found
in polyclonal populations in contrast to a very faint band in AI clones
(Fig. 6A), providing evidence that AI clones have not yet reached a
senescent stage, whereas control and antisense oligonucleotide-treated
cells did so. Senescent polyclonal populations (passage 44) showed no
specific chromosome aneuploidy when analyzed by CGH, whereas
the level of micronuclei and apoptosis was very low (0.2%), in
agreement with published data on senescent cells (32).

Because the abrogation of replicative senescence has been related
to telomerase expression, we investigated whether polyclonal and
clonal populations showed detectable activity of the catalytic compo-
nent of telomerase, hTERT, by the TRAPeze assay. Telomerase ac-

Fig. 2. Effect of antisense oligonucleotides in short- and long-term treatments. Micronuclei (A) and apoptosis (B) frequencies in human fibroblasts exposed to ARP1, BUB1, BUB3,
CENP-A, -B, - C, -E, -F, INCENP, INTZW10, MAD2, SMC1, and ZW10 antisense oligonucleotides. Effect of ARP1, BUB1, and SMC1 antisense on human fibroblasts at 5th day of
treatment and 2 and 4 days after long-term treatment (see “Materials and Methods” for details). Frequency of apoptosis (C) and micronuclei (D) obtained with ARP1, BUB1, and SMC1
antisense-treated and control cells. Because no significant difference among mock buffer-treated, sense, and scrambled oligonucleotide-treated cells was found, these data have been
pooled. At least 500 cells were analyzed for micronuclei and apoptosis for each individual treatment. Average and error standard are based on two independent experiments.

Fig. 3. Flow chart describing the experimental protocol. Human fibroblasts at passage
4 were treated for 9 days with ARP1, BUB1, and SMC1 antisense oligonucleotides with
adequate controls. Alterations in chromosome segregation induced by treatments led to
micronuclei formation and apoptosis. After removing oligonucleotides, fibroblasts were
cultured and tested at different passages during in vitro progression for chromosome
number, presence of chromosome aberrations by G banding, and capability to growth in
soft agar. At passage 25, one clone, derived from BUB1-treated cells, acquired AI
phenotype, whereas no clones were obtained from ARP1- and SMC1-treated and control
cells. Two additional AI clones were obtained in a second independent experiment. These
clones are continuously growing in vitro, whereas control cells and antisense polyclonal-
treated cells are senescent. The last step of our protocol was the evaluation of tumorige-
nicity of AI clones by inoculation in nude mice.
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tivity was detected neither in polyclonal fibroblasts nor in AI clones,
whereas a clear ladder was present in positive control and HeLa cells
(Fig. 7A).

Although the molecular basis of CIN is still unknown, it has been
suggested to result from various mechanisms, including p53 deregu-
lation or mutations. A p53 function study was performed. After MMC
treatment, p53 was up-regulated in all AI clones, and this led to an
up-regulation of p21 (Fig. 6B), suggesting that in AI clones, p53
function is maintained. Moreover, no mutations were found in AI
clones by sequencing the entire protein coding region of the p53 gene
(data not shown). This is consistent with the consideration that anti-
sense oligonucleotide treatment does not induce nucleotide mutations.
Furthermore, we found no significant increase in either ouabain or
6-thioguanine resistance of AI cells, because the number of colonies
growing in selective media did not appreciably vary when compared
with control cells (0.2 versus 0.33 � 10�6 cells for ouabain and 1
versus 1.4 � 10�6 cells for 6-thioguanine resistance). These values
are in agreement with the frequencies reported for normal cells (33,
34), suggesting that BUB1 is not involved in specific processes that
prevent the formation of mutations at nucleotide levels.

Another mechanism which has been suggested to lead to CIN is the
presence of centrosome abnormalities (17). To further investigate this
possibility, centrosomes were visualized microscopically by labeling
the cells with antibody against �-tubulin. In both AI clones and
polyclonal fibroblasts, centrosomes had visible, clearly defined, dot-
shaped structures (Fig. 7, B and C), and the number of cells with
abnormal centrosomes was similar in all populations (data not shown).
It is, however, important to note that these cells have not yet acquired

a neoplastic phenotype, because they were unable to grow when
injected s.c. in nude mice (data not shown).

DISCUSSION

Proliferation, differentiation, senescence, and tumorigenesis are
linked through complex pathways of gene expression, which in recent
years have become amenable to both in vitro and in vivo studies. The
availability of transgenic and knockout mice has provided new tools
to dissect the various metabolic pathways whose alterations contribute
to neoplastic transformation. These studies have been instrumental to
form our current vision of tumorigenesis as being the result of mul-
tiple independent genetic changes, which include oncogene activation,
tumor suppressor inactivation, epigenetic changes, and whole genome
abnormalities (6).

Although extremely interesting, data acquired in rodents cannot
necessarily be transferred to humans. Differences exist between these
species (5), and the data obtained in mice must be independently
corroborated by human studies. To accomplish this task, most of the
approaches have investigated the growth potential of cells cultured in
vitro. Historically, fibroblast cells have been the tissue of choice (35).
Fundamental studies have suggested that human fibroblast cells have
a limited life span (Hayflick limit) and that, different from rodent
cells, the rate of spontaneous transformation is considerably lower.
This proliferative block, which is thought to represent a genetic guard
to neoplastic transformation (36), is at least in part related to the loss
of the ability to faithfully replicate telomeric ends (37, 38). Human
fibroblasts transfected with the catalytic subunit of telomerase are

Fig. 4. Effect of antisense oligonucleotide treat-
ment on SMC1, ARP1, and BUB1 expression.
Western blot with SMC1 and tubulin-specific anti-
bodies (A) performed on untreated (Lane 1), scram-
bled control oligonucleotide-treated (Lane 2), and
SMC1 antisense-treated cells (Lane 3). Western
blot with BUB1 and tubulin-specific antibodies (B)
performed on control untreated cells (Lane 1), con-
trol oligonucleotide-treated cells (Lane 2), anti-
sense-treated cells (Lane 3), and HeLa cells used as
positive control (Lane 4). RT-PCR (C) performed,
with decreasing concentrations of primers, on cells
treated with ARP1 antisense oligonucleotide
(Lanes 1–4) and control cells (Lanes 5–8). Time
course inhibition of BUB1 protein (D). Effect of
nocodazole exposure on mitotic index in untreated
(�), control oligonucleotide (f), and antisense-
treated cells (Œ; E).
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immortalized, growing continuously in vitro, but are not aneuploid, do
not acquire AI ability, and do not grow in nude mice (19, 38, 39).
Additional genetic changes are needed to confer the complete neo-
plastic phenotype to fibroblasts (4).

Most solid tumors are aneuploid (40), yet aneuploidy is rarely
found in normal cells. It is generally believed that aneuploidy in
normal cells is commonly followed by apoptosis. However, the pos-
sibility exists that these aneuploid cells can escape apoptosis and show
a selective growth advantage, which could represent the substrate to
achieve additional genetic changes. In this case, although being in-
sufficient for acquisition of complete tumoral phenotype, aneuploidy
could be a very early step in transformation. To investigate the role of
aneuploidy in tumorigenesis has been difficult even in the mouse
model because animals in which several genes interfering with normal
chromosome segregation have been inactivated often die in utero
because of profound derangement of normal cellular replication (41).
However, it has recently been shown that haploinsufficiency in Mad2
spindle checkpoint gene in mice gives rise to chromosomal instability
and high lung tumor incidence (42). This suggests that aneuploidy

Fig. 6. Molecular marker of senescence and p53 function. Western blot of p21 (A)
performed on primary cells (Lane 1), senescent untreated cells (Lane 2), senescent
scrambled oligonucleotide-treated cells (Lane 3), senescent antisense oligonucleotide-
treated cells (Lane 4), and AI clones (Lanes 5–7). Western blot of p53 and p21 (B)
performed on untreated (�) and MMC-treated AI clones (�).

Fig. 5. Molecular cytogenetic characterization
of AI clones. SKY analysis of AI clone 1. In this
particular cell, loss of chromosomes 1 and 6 is
shown (A). Representative CGH analysis of AI
clone 1 (B).
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could play a role in the early phase of transformation at least in rodent
cells.

To investigate whether aneuploidy could play a role also in early
tumorigenesis in humans, we set up a gene inhibition system in human
fibroblasts. Both senescence and transformation have been exten-
sively studied in this model, and many correlations between these two
processes have been identified. We reasoned that by interfering with
chromosome segregation, we could obtain aneuploid cells without
causing any concomitant DNA damage at the sequence level and that
the fate of these cells could then be followed in vitro by direct analysis
of cultured cells. Inhibition by antisense technology, however, must
be strongly corroborated. We think that our approach achieved sub-
stantial inhibition of BUB1 function for the following reasons: (a) the
same pattern of aneuploidy without chromosome breakage, consistent
with the known BUB1 role in spindle checkpoint, was obtained in 13
independent experiments, using both antisense oligonucleotides and
ribozyme but not with control oligonucleotides; the greater number of
aneuploid cells obtained with ribozyme could be attributable to a
stronger inhibition usually associated with the ribozyme technique
compared with the oligonucleotide approach; (b) similar results were
also obtained with the use of the siRNA approach, a new technology
for inhibition of gene expression; (c) using an antibody against BUB1,
no protein was immunoprecipitated in antisense-treated cells after
24 h of treatment, and its disappearance followed a decrease after 6
and 12 h; and (d) nocodazole exposure performed during treatment
with antisense showed loss of the ability of treated cells to stop the
mitotic process, demonstrating functional inactivation of the spindle
checkpoint.

For all these reasons, we think that the effects found in our cell
cultures reported in the present study can be directly related to a
substantial interference with the function of BUB1 in spindle check-
point. With this approach, we were able to demonstrate that aneu-

ploidy can have different effects on the fate of the cells. As shown by
our data, most aneuploid cells undergo apoptosis, but a substantial
portion of them are able to survive without profound alterations in
their proliferative potential and still able to senesce at the appropriate
time, suggesting that the genetic program leading to senescence in
normal fibroblast is not automatically altered in aneuploidy. However,
our data raise the possibility that with rare frequencies, aneuploid cells
could acquire different proliferative abilities that confer to them the
ability to grow without anchorage dependence and postpone their
senescence.

Delayed senescence of human fibroblasts has been achieved by
exogenous telomerase expression. In mice, several genes, including
p53, are known to play a role in replicative or Ras-induced senes-
cence. However, our analysis did neither find abnormalities in p53 nor
telomerase activity, although we cannot exclude a telomerase-inde-
pendent alternative lengthening of telomeres. These data would sug-
gest that the mechanisms leading to the insurgence of AI clones are
different from those involving these genes. Likewise, centrosome
abnormalities were absent in most cells, suggesting that they are not
responsible for chromosomal instability in our system. However, we
cannot exclude the formal possibility that mutations in other genes
contributed to the acquisition of AI phenotype, although we think that
this is unlikely in view of the results obtained in oubain and thiogua-
nine resistance experiments.

The clones identified here have some features reminiscent of CIN.
Theoretically, temporary inhibition of spindle checkpoint could allow
the insurgence of chromosome instability, but the cells should switch
to a stable aneuploid state when BUB1 activity is restored. The reason
why this does not occur in our clones is not clear at the moment, but
it could be that, by escaping the checkpoint for several mitoses, the
cells could become insensitive to the restoration of the checkpoint.
The mechanisms underlying this phenomenon need to be further
investigated.

CIN could be the first determinant of neoplastic transformation,
allowing different combinations of chromosomes to take place, there-
fore providing a substrate for further selection on the basis of small
growth advantage based on a specific set of chromosome content.
Alternatively, CIN could be a late event in cancer pathogenesis,
representing a stage in which all of the checkpoints have been inac-
tivated and mitoses proceed completely abnormally. Our finding that
both the antisense-treated aneuploid polyclonal fibroblast population
and the three AI clones present a largely variable chromosome content
suggests that CIN, in selected situations, could be an early event in
cell transformation. A likely possibility at this point is that both
mutations and aneuploidy could be the first event in the multistep
process leading to cancer.

In colon cancer, CIN appears to be mutually exclusive with MIN.
Thus far, despite many investigations, although genes responsible for
MIN have been identified, no germ-line inactivation of spindle check-
point genes has been identified in human cancer (15). In addition,
most colon cancers with CIN appear to be sporadic and not related to
familial cancer syndromes. We demonstrate here that temporary in-
activation of checkpoint is sufficient for CIN to occur in cultured cells
and that this characteristic is maintained after the toxic insult has been
eliminated. Interference with normal spindle checkpoint can be caused
by many toxic agents, which can be found in diet or are endogenously
produced in the colonic mucosa. The possibility exists that, although
MIN is mainly of genetic origin, CIN arises in colon cells after
environmental-driven, temporary inhibition of normal gene function.
CIN could then provide few cells a peculiar chromosome content,
allowing a small but sufficient growth advantage, which could be the
substrate for additional genetic and/or epigenetic changes. Interest-

Fig. 7. Characterization of AI clones. Telomerase activity analysis by TRAPeze assay
of AI clones (A). A typical ladder is present in control cells provided by the manufacturer
(Lane 1) and in HeLa cells, an additional positive control (Lane 5), but not in the three AI
clones (Lanes 2–4). Centrosome number was evaluated by scoring �-tubulin signals
within a single cell: most cells show centrosome stability, i.e., one or two dots (B),
whereas occasionally, altered centrosome number (�2) was detected (C).

2862

INHIBITION OF BUB1 RESULTS IN GENOMIC INSTABILITY



ingly, this “hit-and-run” mechanism of genetic interference would
leave no signature, which could be identified by genetic analysis.
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